Organic bioelectronic devices comprise advanced tools for monitoring and controlling physiology. [1] Such devices are based upon organic electronic materials that offer efficient signal transduction from electronic input to ionic output and vice versa, while the toolbox of organic chemistry enables design and tailoring of active materials with desired characteristics, such as functionality, processability, and biocompatibility. [2] Organic bioelectronic devices and materials have been applied in a variety of settings with most of the technologic development focused on neuroscience applications such as high resolution recordings of brain activity, [3] inhibition of neuropathic pain, [4] control of epileptic seizures, [5] and understanding of memory consolidation [6] in animal models. While the field of organic bioelectronics has traditionally targeted biomedical applications, its usefulness and applicability in plants has begun to be explored. Glucose export from isolated chloroplasts was monitored in real time using an organic electrochemical transistor, [7] while the growth of a plant was controlled via the organic electronic ion pump (OEIP). [8] The OEIP is an electrophoretic delivery device that converts electronic addressing signals into ionic fluxes offering precise and dynamic delivery of ions and charged biomolecules. [9] In contrast to other drug delivery devices, the OEIP has a simple design, forgoes flow pumps, and delivers only the ion or drug of interest, and not the solvent or dissolved coions. Drug delivery in the absence of fluid flow eliminates convective disturbances of the target fluidic system, such as shear stress, local pressure increases, and excessive perturbation of native ionic concentration gradients. The OEIP technology is based on a polyelectrolyte channel that provides charge selective electrophoretic delivery thanks to its high fixed ionic charge concentration that suppresses the transport of coions. When voltage is applied across the polyelectrolyte channel of an OEIP device, ions of a specific charge are transported selectively through the channel from the source to the target. Conventional OEIP devices have typically utilized planar geometries and have been manufactured using standard microfabrication techniques. [10] The delivery channel Electronic control of biological processes with bioelectronic devices holds promise for sophisticated regulation of physiology, for gaining fundamental understanding of biological systems, providing new therapeutic solutions, and digitally mediating adaptations of organisms to external factors. The organic electronic ion pump (OEIP) provides a unique means for electronically-controlled, flow-free delivery of ions, and biomolecules at cellular scale. Here, a miniaturized OEIP device based on glass capillary fibers (c-OEIP) is implanted in a biological organism. The capillary form factor at the sub-100 µm scale of the device enables it to be implanted in soft tissue, while its hyperbranched polyelectrolyte channel and addressing protocol allows efficient delivery of a large aromatic molecule. In the first example of an implantable bioelectronic device in plants, the c-OEIP readily penetrates the leaf of an intact tobacco plant with no significant wound response (evaluated up to 24 h) and effectively delivers the hormone abscisic acid (ABA) into the leaf apoplast. OEIP-mediated delivery of ABA, the phytohormone that regulates plant's tolerance to stress, induces closure of stomata, the microscopic pores in leaf 's epidermis that play a vital role in photosynthesis and transpiration. Efficient and localized ABA delivery reveals previously unreported kinetics of ABA-induced signal propagation.
outlet of such devices is often in the range of 10-100 µm, while the overall delivery tip encapsulation and packaging are on the order of hundreds of micrometers. However, such dimensions greatly hinder insertion and implantation into soft tissue of biological systems. To address such scale challenge, there have been recent demonstrations of freestanding OEIPs with significantly reduced overall dimensionalities. In a first example, a planar device with a cross-section of ≈220 × 60 µm 2 and with an integrated microfluidic channel has been evaluated in vivo in the brain of a mouse model targeting epilepsy. [5] This device utilized a linear polyelectrolyte channel, which has only been demonstrated to be suitable for the delivery of metal ions or short linear biomolecules. More recently, our group has developed OEIP devices that utilize a glass capillary fiber form factor. [11] The capillary fiber acts both as the substrate and as the encapsulation for the polyelectrolyte channel, significantly reducing the overall device dimensions and also simplifying the fabrication process, thereby increasing the reproducibility of devices from batch to batch. The device channel is based on hyperbranched polyelectrolyte, dendrolyte, that is suitable for transport of large molecules with diffusion coefficients D i ≲ 10 −10 m 2 s −1 . [8, 11, 12] However, limitations to efficient delivery of large ions were reported due to factors such as the channel outlet geometry, addressing current, and the solubility of the compound once it has entered the polyelectrolyte. Based on a computational model and experimental observation, it was thus reported that the maximum addressing current for efficient delivery greatly depends on ion mobility. [11] In this work, we present the first application of a miniaturized capillary-based OEIP (c-OEIP) ( Figure 1A) in an intact biological system, demonstrating that this technology is suitable for in vivo interfacing with biologic systems. Following addressing rules based on numerical simulations, [11] we demonstrate for the first-time efficient OEIP delivery of an aromatic molecule. At the same time, we chose to apply the c-OEIP in an intact tobacco plant showing the first implantable bioelectronic device in plants for electronic control of physiology ( Figure 1B ,C). We demonstrate electronic delivery of abscisic acid (ABA; Figure 1D ) and subsequent control of stomata, the microscopic pores in leaves. ABA, also called "stress hormone," is one of the most studied phytohormones due to its crucial role in the plant's adaptive response to stress. Plants under water-deficient conditions natively increase their endogenous ABA concentrations, resulting in closure of stomata after a cascade of molecular events ( Figure 1E ), thereby regulating gas exchange and water evaporation through their leaves. Although, the dominant role of ABA on controlling stomatal closure is evident, many questions remain unanswered regarding the role of various ABA biosynthesis sources (leaf vascular tissue, guard cells, and roots), dose-response, and signal propagation under stress conditions. [13, 14] Therefore, developing technologies that will help elucidate the mechanism of stomata function is of critical importance as the climate becomes drier and warmer. [15] Apart from their significance in plant physiology, stomata are very sensitive to any environmental changes and are thus an excellent model system for simultaneous monitoring of OEIPmediated ABA delivery response and invasiveness evaluation. By monitoring stomatal closure over a large area of the leaf, we were able to observe the spatiotemporal propagation of the ABA-induced signal from the delivery source through the associated leaf tissues and structures that has not been observed before.
The c-OEIPs were fabricated using wet fabrication techniques. First, to promote adhesion of the polyelectrolyte solution, the inner surface of the glass capillary (20 µm inner diameter, 60 µm outer diameter) was etched by flushing with KOH and then functionalized by flushing the adhesion promoter 3-glycidoxypropyl trimethoxysilane to form epoxy groups favorable for the anchorage of the polyelectrolyte on the glass surface. Afterward, the capillary was filled with a solution containing the cationic dendrolyte, cross-linking agent, and photo initiator. The solution was polymerized by UV exposure for 2 h. Finally, the capillary fiber was cleaved into desired device lengths and mounted onto shrink tubing that acts as an electrolyte reservoir ( Figure 1A) .
The c-OEIP capability for delivering the hormone ABA was evaluated in a test solution using mass spectrometry. ABA is a weak acid of a large and rigid structure with a molecular weight of 264 g mol −1 ( Figure 1B ) and a diffusion coefficient in water of D ABA/water = 6 × 10 −10 m 2 s −1 . [16] At pH higher than the pKa (4.8), ABA is predominantly negatively charged. In order to load the polyelectrolyte channel with ABA, the source reservoir was filled with 5 × 10 −3 m ABA solution (pH 5.1) and the device was operated at constant current mode. The current was applied between the source and target electrolytes via the poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) electrodes. Previously, it has been reported that in capillary based OEIPs the transport efficiency of ions with low mobility/solubility can be significantly reduced at high operational current levels. [17] Additionally, the maximum possible current for efficient transport is dependent on the channel outlet geometry as defined from a computational model. [11] Therefore, identifying the appropriate addressing protocol is crucial for efficient delivery. Figure S1 (Supporting Information) shows voltage dependence with time when the device is operated at 50 and 200 nA.
At 50 nA, we observe an initial increase of the voltage that corresponds to the ABA loading phase and then constant voltage during the delivery of ABA in the target solution ( Figure S1A , Supporting Information). On the other hand, when the device is operated at 200 nA, we observe the characteristic behavior of nonefficient delivery ( Figure S1B , Supporting Information). The decrease of voltage after the initial loading phase can be explained by a breakdown of the selectivity of the channel and consequent backflow of coions from the target solution. Therefore, we select 50 nA as the operating current and proceed to evaluate the efficiency with mass spectrometry. The mass spectrometry analysis of the target solutions indicated that the delivery rate is 74 ± 19 pmol min −1 (4 independent samples; Figure 1F ), meaning that for each electron injected at the source electrode ≈2 ABA molecules are delivered in the target solution. This suggests that the ABA in the channel has a partial charge of −0.5, i.e., that the pH in the channel is close to the ABA pKa. As the c-OEIP is not 100% selective, it is possible that some protons from the target solution will enter the channel and locally change the pH, thus altering the overall charge of ABA. The small changes in the channel pH can significantly affect the ABA charge due to the strong dependence between ABA charge and pH around its pKa. [18] A contribution from electro-osmosis is also a possibility, as the population of neutral ABA can potentially be dragged along by the migration transport. Furthermore, we investigated whether OH − was delivered apart from ABA by measuring the pH of the target solutions before and after the delivery. The pH was constant at ≈6.9 in both cases, suggesting that negligible amounts of OH − groups have been delivered. To analyze the passive delivery ("leakage") rate, the same experiments were Small 2019, 15, 1902189 performed but now without electrical addressing. The mass spectrometry analysis indicated that nonbiased c-OEIP delivers ABA at 5 ± 2 pmol min −1 , that is 6% of the active delivery flux at 50 nA ( Figure 1F ). In this study, we demonstrate, for the first time, efficient delivery of a large biomolecule with the c-OEIP by using appropriate electrical addressing conditions.
In Figure 2A , we compare the geometry of the c-OEIP with the planar device that was used in the first OEIP-plant study [8] where the device was applied in the proximity of roots. It is clear that the cylindrical geometry and the overall reduced dimensions of the c-OEIP make it ideal for insertion in soft tissue. We chose the tobacco plant as it is a widely used plant model system and effect of ABA on stomata has been intensively studied. [19] Microscopic images of c-OEIPs with 125 and 60 µm outer diameter ( Figure 2B ,C, respectively) inserted into tobacco leaf show that both pumps smoothly penetrate the leaf, with the leaf conformably surrounding the c-OEIP leaving only a wound of dimensions equal to the outer diameter of the OEIP. Since the 60 µm outer diameter c-OEIP causes less damage in the leaf tissue, we decided to use this one for our studies.
As a next step, we evaluated if the mechanical insertion (without delivery of ABA) of the c-OEIP into the leaf provoked a wounding effect that potentially could induce stomatal closure. Such a response is expected, as wounding of leaves will release jasmonate signals that induce stomata closure. [20] We developed an experimental setup that allows precise insertion of the pump in the leaf of an intact plant, while recording microscopic images at multiple locations on the leaf for several hours ( Figure 1C ). This enabled us to quantify stomatal closure at the area directly around the tip of the c-OEIP, as well as at several positions away from the point of insertion. Once the plant was mounted on the microscope stage, it was allowed to rest for 1 h under microscope light illumination (photon flux density of 100 µmol m −2 s −1 ), to induce stomata opening. Directly before the c-OEIP insertion, stomata within a distance of 5.0 mm were imaged for 25 min to determine their initial aperture. The c-OEIP was then mounted in an automatic micromanipulator and was slowly inserted into the leaf at the inclination angle of 30° until it reached a 50 µm depth, in the spongy mesophyll layer ( Figure 1B) .
Microscopic images of stomata were taken at the insertion point (≈0.3 mm away from c-OEIP) and at 0.5, 1.25, 2.5, and 5.0 mm away from it along the direction of the pump (Figure 3A,B ) over a period of 4 h. The stomata apertures at the various distances and times were analyzed as described in the Experimental Section. Because of the natural variation on stomata size throughout the leaf, [21] we normalized the aperture to the initial value (t = 0 min). Therefore, values above 1 indicate stomata opening and values below 1, stomata closing. In Figure 3C , we plot the normalized mean aperture ± standard error (SE) for each distance over time (data for minimum four independent experiments, n ≥ 18 for each distance).
At the insertion point, the stomata start closing immediately after the insertion but after 100 min they started reopening again, reaching almost their initial aperture. Similar behavior was observed for stomata at 0.5 mm away from the insertion point, but these stomata closed relatively slower and to a less extent than the ones closer to the insertion point. In contrast, the aperture of stomata localized at 1.25, 2.5, and 5.0 mm remained more or less constant throughout the experiment. Furthermore, we monitored stomata located at ≈1.0 mm over a period of 24 h. Even stomata localized at 0.3 mm away from the insertion point remained active for the next 24 h, with their aperture following the natural circadian rhythm (closed in the evening, then opened again in the morning; see Figure S2 , Supporting Information).
These observations suggest that the mechanical insertion of the OEIP affects only the stomata closest to the insertion point and then only as a transient effect. The stomata further away, even at 0.5 mm away, from the insertion point were not affected. Therefore, we can affirm this method as noninvasive (evaluated for 24 h from the device insertion) and then use the c-OIEP for hormonal delivery in vivo within the plant tissue. This is a major step for plant related studies where new technologies are anticipated to demonstrate that no wound effect is induced from the interface of the device with the plant tissue as plants are more likely to undergo programmed death in cells surrounding the wounding site to confine injury. [20] Having demonstrated that the mechanical insertion of the OEIP did not cause irreversible stomata closure, we proceed to deliver the phytohormone ABA with the c-OEIP in the apoplast of tobacco leaf. Immediately before the insertion, the reservoir of the device was filled with 5 × 10 −3 m ABA solution and the device underwent an ABA loading phase as described in the Experimental Section. The c-OEIP was then slowly inserted into the leaf as described above for the wound effect experiment. The device was biased prior insertion and electrical connection was established as soon as the c-OEIP tip touched the Small 2019, 15, 1902189 leaf surface. The c-OEIP was operated at a constant current of ≈50 nA during the whole experiment (>3 h after the insertion), Figure 1D . The c-OEIP generates a point source of ABA that is delivered into the apoplast. When ABA reaches the stomata, it will bind to its cytosolic receptor (RCAR protein family), triggering anion efflux through the SLAC1 channel and inducing membrane depolarization and consequently K + efflux ( Figure 1E ). The decrease in osmolyte concentration causes water efflux that leads to turgor reduction of the guard cell and consequently stomata closure. [13, 19] Representative images of stomata at various locations and times are shown in Figure 4A , while Figure 4B presents the normalized mean aperture for each distance over time (minimum 3 independent experiments, n ≥ 12 for each distance). At the insertion point, the stomata closed immediately after the c-OEIP insertion, while for all the other locations the stomata closed gradually with their aperture exhibiting a sigmoidal behavior over the time. At distances further away from the insertion point, the stomata started to close with a clear delay, indicating spatial dependence from the source of ABA. The response time at 0.5 mm is similar to the one observed in in vivo kinetic studies when 10 × 10 −6 m of ABA was applied on the epidermis of leaves. [19, 21] Stomata up to 2.5 mm away from the insertion point closed almost completely, whereas the closure of stomata at 5.0 mm only reduced their aperture up to 50%. This suggests that the ABA effect is not an "all or nothing event" but, instead, stomata sense the ABA dose that is delivered to the apoplast. This hypothesis is further supported from the sigmoidal trend followed by the stomata aperture with time. Such behavior of the aperture has been observed in kinetic studies versus time at fixed ABA concentrations [21, 22] and in dynamic studies versus the ABA concentration. [23, 24] Interestingly, we observe a linear dependence between the response time (time where aperture decreased by 50%; t 50% ) and the distance from the c-OEIP ( Figure 4C ), signifying that the ABA or ABA-induced signal propagates with constant speed within the leaf. This is the first time that an ABA-induced signal with a constant speed of propagation is reported. Such constant speed of propagation may point to important characteristics of the ABA signaling pathway. However, more studies are needed in order to further elucidate the signal propagation and transport characteristics of ABA.
Next, we attempt to estimate the effective ABA concentration delivered to the plant. In our study, even if we can calculate the total amount of ABA that was delivered into the apoplast, we do not know which is the effective concentration that reaches the stomata to induce their closure. This is true for all the dynamic and kinetic studies reported in the literature; therefore, any quantitative result is presented in terms of the applied ABA concentration. Previously, for in vitro dynamic studies, ABA applied to tobacco leaves in the concentration range of 0.3-1.0 × 10 −6 m corresponded to a decrease of stomata aperture by 50%, while applying ABA concentrations below 0.1 × 10 −6 m was not observed to induce stomata closure at all. [24] Thus, in order to establish an estimation of the ABA concentration that is reaching the stomata at each distance point, as well as to gain insight on the ABA signal propagation, we performed time-dependent simulations of the diffusion of ABA molecules within a volume representing the apoplast (see Figure 1B ).
Small 2019, 15, 1902189 Unfortunately, very little information is to be found in literature for the diffusion coefficient of ABA in the apoplast and the numeric value of the volume of the apoplast compartment. However, according to one modelling study, [25] the volume of the apoplast is around 10% of the spongy mesophyll volume and ABA diffuses in the apoplast five times slower than in water, D ABA apoplast = D ABA water /5. Performing simulations for this scenario, we calculated the concentration of ABA versus time at the point of the c-OEIP outlet, and at distances of 0.5, 1.25, 2.5, and 5.0 mm away from it in order to compare with our experimental data. The simulations show that sufficient ABA concentrations (>0.1 × 10 −6 m [24] ) are reached for stomata positioned at all distances (up to 5.0 mm from the source point) for t < t 50% (Figure S3 , Supporting Information). This is true even when assuming that the diffusion volume is the total volume of the spongy mesophyll. The simulation results give further support for our observations that a c-OEIP operated as described above can result in sufficient delivered ABA concentrations to induce stomata closure. However, owing to the physics and boundary conditions used, this simulation has no mechanism capable of explaining the observed spatial dependence of stomatal closure and corresponding constant signal propagation. As such, while it is recognized that ABA can be transported diffusively within the apoplast and reach the guard cells, the complete ABA transport mechanism is complex and cannot be fully understood as a diffusive transport alone. [13, 14, 26] Importantly, when ABA is protonated, it can diffuse to the interior of any cell within the apoplast, while it is the charged ABA that is actively transported within the guard cells. So, when ABA is applied either onto the epidermis or within the apoplast some of the ABA will reach the guard cells, through diffusion, active transport, Small 2019, 15, 1902189 and/or vascular transport, while some will be up-taken by other cells. Furthermore, when a stress signal such as ABA is present, the pH within the apoplast changes, which thus further complicates the estimations of ABA concentration. Therefore, by using the diffusion model of ABA, we can get only some indication of the effective concentrations. Our experiments here support the body of literature that contends that purely diffusive transport fails to describe the observed actual mechanisms of ABA signal propagation. This work benchmarks the c-OEIP as a promising implantable tool for in vivo delivery of large biomolecules that regulate physiology. It provides design rules for noninvasive implantation in soft tissue with high spatial resolution with the capillary form factor and the sub-100 µm diameter. The dendrolyte composition of the c-OEIP channel and developed addressing protocol allows the efficient delivery of the hormone ABA into tobacco leaf apoplasts triggering stomatal closure. In this way, we can generate ABA-induced signal patterns from a single point and then monitor the following stomata closure at various distances away from the insertion point over extended period of times. Indeed, we observe not only spatiotemporal dependence of the stomatal closure from the point of delivery of ABA but also propagation of the ABA-induced stomatal closure with linear speed, an observation not previously reported. Simulations show that a purely diffusive model is insufficient to describe such experimental observations. This then points toward a more complex transport mechanism of ABA within the apoplast, a conclusion that is in agreement with the current literature.
Performing further dynamic studies with the c-OEIP technology, combined with more refined transport simulations, could help to elucidate the transport mechanisms of ABA in plants.
Further, c-OEIP technology could be used to complement optogenetic manipulation of stomatal kinetics for improving plant water use efficiency without incurring a cost for photosynthesis. [15] Technologies that modulate physiology in vivo, with spatial and electronic control of the biological inputs, in terms of amplitude and frequency, are highly promising for the manipulation and regulation of a wide range of biological processes spanning the animal and plant kingdoms. Not only do we envision that bioelectronic technologies will continue to provide new tools to biologists, thereby enabling them to answer many of their current long-standing questions, but we also predict that as bioelectronic technologies continue to mature, and their unique capabilities are more widely understood, there will be many important bioelectronic applications not only in biomedicine, but also in agriculture and forestry.
Experimental Section
Plant Material: Tobacco (Nicotiana tabacum SR1) plants were grown in a greenhouse with 16 h of light per day, regular watering at 22-24 °C, 50% humidity, 400-600 ppm CO 2 , and a photon flux density of 100 µmol m −2 s −1 . All measurements were performed using 4-6 weeks old plants.
OEIP Fabrication: Details for the device fabrication processes are presented elsewhere. [11] Briefly, a glass capillary fiber (fused silica), 20 µm inner diameter, and 60 µm outer diameter (Polymicro Technologies), was cut ≈30 cm long. The polyimide coating was removed by sulfuric acid bath a 120 °C for 20 min. One end of the capillary was mounted in a plastic Luer-lock tip (Nordson EFD) by heat crimping with tweezers, thus allowing to attach the capillary fiber to syringes and flushing of liquids using N 2 gas pressure (0.5-1.0 bar). First, the inner surface of the capillary fiber was treated by flushing KOH (2 m) for 1 h to activate the glass surface with hydroxyl groups. The activated surface was treated with the adhesion promoter 3-glycidoxypropyl trimethoxysilane (GOPS), by flushing a solution of 10% GOPS in toluene for 1 h. The adhesion promoter provided the surface with epoxy groups. After surface treatment, the capillary fiber was filled with the cationic dendritic polyglycerol (CdPG) polyelectrolyte. [8, 11] The solution used to fill the capillary fiber was prepared by adding 50:50 methanol:deionized water to the 50 wt% CdPG, and adding a 6 wt% thiol-based cross-linker (Thiocure ETTMP 1300) and a 6 wt% photoinitiator (Irgacure 2959) dissolved in methanol. The solution was vortexed for 5 min and flushed into the capillary fiber until a droplet at the outlet was observed, approximately after 5-10 min. The capillary fiber was then exposed to UV light (254 nm, 2 h) for cross-linking. During cross-linking, the thiols (crosslinkers) activated by the photoinitiator, react with allylic groups of the functionalized dendritic polyglycerol, and with epoxy groups on the glass surface. Finally, the capillary fiber was cut into ≈8 mm long pieces using a ceramic cleave stone. The cleaved capillary fiber pieces were packaged into a polyolefin heat-shrink tube with sealant glue (forming the reservoir for the transported substance; 30 mm long, 3 mm diameter; Hellermann Tyton), by heat crimping with tweezers. Each piece was inserted ≈3 mm into the heat-shrink tube, so that ≈5 mm of capillary fiber extended out of the tubing. OEIPs were immersed and stored in NaCl (0.1 m) before use, to keep the polyelectrolyte channel hydrated.
Mass Spectrometry ABA Measurement: The OEIP reservoir was filled with 5 × 10 −3 m ABA in ethanol and water (5/95% vol), while the OEIP outlet tip was submerged in 1.5 mL tube containing 500 µL of water. Taking into account that the OEIP channel was charge-selective (i.e., all negatively charged ions from the source solution can be delivered), the pH of the source solution was adjusted to 5.1 using 1 m NaOH, providing high ABA − /OH − ratio (≈10 6 ). PEDOT: PSS on a polyethylene terephthalate (PET) substrate (cut from Orgacon F-350 film; AGFA-Gevaert) were used as electrodes in the source and target reservoirs. The contacts of the OEIP were connected to a source meter (Keithley 2602) delivering for 3 h at constant current mode with I = 50 nA using a custom LabVIEW software.
Samples collected after pumping were stored at −20 °C until mass spectrometry measurement and were diluted 10 × prior to final analysis. Ultrahigh-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) was used to analyze the ABA content, employing chromatographic method. [27] The LC-MS system consisted of 1290 Infinity Binary LC System coupled to 6490 Triple Quad LC/MS System with Jet Stream and Dual Ion Funnel technologies (Agilent Technologies, Santa Clara, CA). MassHunter software (version B.05.02; Agilent Technologies) was employed to determine the concentration of the analyte. A Milli-Q deionization unit (Millipore, France) was used for preparation of the purified water for mobile phases and solutions. All chromatographic solvents and chemicals were of analytical grade or higher purity from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). At least five samples were analyzed in the same experimental conditions. The delivery rate was estimated by calculating the amount of ABA measured by mass spectrometry divided by the number of electrons passed through the circuit, and averaging the values obtained from the various experiments. To quantify delivery by leakage, the samples were prepared in the same way as in the ABA delivery experiments, except that the electrodes were not connected to the power supply. In the leakage tests, the samples were collected after 6 h to assure that measurable amount of ABA was collected.
Imaging Setup: For stomata imaging, an upright microscope (Fluorescence Microscope Nikon Ni-E) was used in bright field mode. 1 h before the start of the experiments, intact plants were positioned on the microscope stage. The abaxial side of a leaf was mounted on a Petri dish in the focal plane of the microscope using double-sided adhesive tape ( Figure 1A) .
To prevent ambient-induced stomata closure, the same CO 2 was kept, and humidity conditions as in the greenhouse. To do so, an aquarium pump was delivering air from the greenhouse to the leaf. The outlet of 5 mm diameter tube connected to the pump was positioned ≈5 mm away from to the leaf area to be analyzed. A sensor controlled by a customized LabView program monitored all of those conditions. During the whole experiment, leaf was locally illuminated by microscope lamp at the photon flux density of 100 µmol m −2 s −1 .
The stomata from selected areas far from the main veins were observed with a 50 × Nikon CFI60 TU Plan Epi ELWD Infinity Corrected Objective (N.A. 0.6, WD 11 mm; Nikon). Positioning of the OEIP was monitored using a 4 × objective (N.A. 0.2, WD 15.5, Nikon).
Bright field images were taken every 10 min and summed from 21 z-stack layers with 5 µm spacing using the imaging software NIS-Elements (Nikon) and the Z-stack tool. At the end of each experiment, an Extended Depth of Focus file was created to obtain an all-in focus image of each position and time. The stomata opening quantitation was performed using "Auto inner" tool, part of the Measurements module of NIS-Elements AR software. According to the manufacturer, the auto inner system detects sharp changes of the pixel intensities and selects the second and the next to the last one as the measurement points. The values of stomatal apertures from were normalized to the initial condition and expressed as the mean ± SE.
ABA Delivery to Leaf: c-OEIP reservoir was filled with 5 × 10 −3 m (+)-cis, trans-abscisic acid solution (OlChemIm s.r.o, Olomouc, Czech Republic) in 5% ethanol and 95% water; pH 5.1 adjusted using 1 m NaOH. PEDOT: PSS electrode was used in the source reservoir, while the reference electrode consisted of Ag/AgCl placed in the soil ( Figure 1B ). c-OEIP was inserted into the leaf tissue at 30° angle (relatively to the microscope stage) at the 50 µm depth, perpendicularly to the main vein. The contacts of the OEIP were connected to a source meter (Keithley 2602) delivering constant current mode with I = 50 nA using a custom LabVIEW software. The current applied had a 5% of variation in some of the experiments performed. Wound control experiments with empty reservoirs were performed in other plants.
Diffusion Simulations: The diffusion of ABA in the apoplast was estimated by a numerical finite element model solved with the COMSOL Multiphysics 5.3a software. Fick's second law was solved for a 2D axisymmetric implementation of a disc of 20 mm in diameter. Due to uncertainties in diffusion volume the simulations were carried out for an apoplast thicknesses of 10 and 100 µm, for effective diffusion coefficient of 1/5 of that of ABA in water. [25] The influx of ABA was confined to a circle of 20 µm in diameter in the center of the disc and the magnitude was set to correspond to the experimentally measured delivery rate of ABA from the OEIP. All other boundaries were set to zero flux.
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